Objective: To characterize sequence variation within the glucocerebrosidase (GBA) gene in a select subset of our sample of patients with familial Parkinson disease (PD) and then to test in our full sample whether these sequence variants increased the risk for PD and were associated with an earlier onset of disease.
Parkinson disease (PD) is the second most common neurodegenerative disease after Alzheimer disease. Mutations in SNCA, PRKN, DJ1, and PINK1 typically result in early onset PD 1,2 while mutations in LRRK2 result in idiopathic PD with more typical, later onset. 3, 4 These mutations result in disease in fewer than 5% of patients with PD.
Gaucher disease (GD) is an inherited deficiency of lysosomal glucocerebrosidase arising from mutations in the gene encoding glucosidase beta acid (GBA), more commonly known as glucocerebrosidase. [5] [6] [7] Over 200 different mutations have been identified. GD is most common in the Ashkenazi Jewish population. While patients with GD presenting with parkinsonian symptoms were reported as early as 1939, only recently has it been hypothesized that a deficiency of glucocerebrosidase might contribute to an increased susceptibility to parkinsonism. 8, 9 In a recent study, GBA variants were found in 21% of subjects with PD, a much higher estimate than would be expected based on the carrier frequency of GD in the general population. 10 In addition, GBA variants were more frequent among younger patients.
Subsequent screenings of patients with PD has yielded contradictory results regarding the association of GBA in PD. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In one study of Ashkenazi Jewish patients with PD, GBA variants were more frequently found in patients as compared with controls. 11 A large study of both Jewish and non-Jewish samples found an association between GBA mutations and PD in the Jewish group only. 15 Chinese patients with PD from Singapore demonstrated a significant association with GBA, 21 whereas a similar study of Chinese patients from Taiwan did not. 20 A survey of Italian patients with PD for the N370S and L444P mutations found a significant association of these variants with PD, 22 while a Norwegian sample showed comparable frequencies of these two mutations in patients with PD and controls. 17 Most recently, a study of Portuguese patients with PD detected a significant increase in GBA variants in patients as compared to controls. 23 In some studies, patients with PD harboring GBA variants had earlier age at disease onset. 12, 15, 19, 21 Whether the discrepant results regarding the association of GBA with disease and age at onset result from true ethnic differences in GBA variant frequencies or from differences in the scope of the studies (i.e., only screening for certain variants as opposed to sequencing the entire coding region) remains to be determined.
Of the studies previously reported, none has examined the relationship of GBA to PD susceptibility in a largely familial cohort. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The goals of this study were to characterize sequence variation within GBA in a select subset of our large sample of patients with familial PD and then to test in the entire sample whether these sequence variants increased the risk for PD or were associated with an earlier onset of disease.
METHODS Subjects. A total of 1,325 individuals with PD from 566 multiplex families were ascertained through a pair of siblings, both of whom were reported to have PD (PROGENI study). At the time of these analyses, 1325 individuals with PD from 566 multiplex PD families had been recruited. All available affected individuals were seen by a movement disorder specialist at one of 59 Parkinson Study Group sites located throughout North America (table 1) . Each participant completed a uniform clinical assessment that included the Unified Parkinson's Disease Rating Scale (UPDRS) Parts II (Activities of Daily Living) and III (Motor Exam), 24, 25 Schwab & England score, 26 Hoehn & Yahr stage, 27 the Mini-Mental State Examination (MMSE), 28 the Geriatric Depression Scale (GDS), 29 and the Blessed Functional Activity Scale (Blessed) . 30 In addition, a diagnostic checklist was used to classify individuals as having either verified PD (65%) or nonverified PD (35%). 31 Peripheral blood was obtained after completion of appropriate written informed consent approved by each individual institution's institutional review board.
Microsatellite markers closest to the GBA locus (D1S252, D1S498, D1S484, D1S2878) genotyped as part of a previous 10 cM genome screen [31] [32] [33] were used to calculate a family-specific nonparametric lod (NPL) score and rank families based on their evidence of linkage to the GBA region. One affected individual from each of the 96 families with the highest NPL scores was selected for GBA sequencing.
The control sample consisted of 359 neurologically normal non-Hispanic Caucasians who provided appropriate written informed consent (see table 1 ). The control samples were obtained from three different sources: the National Cell Repository for Alzheimer's Disease (NCRAD), the National Institute of Neurological Disorders and Stroke Human Genetics Resource Center at the Coriell Cell Repositories (Camden, NJ; DNA panels NDPT002, NDPT006, NDPT009) and controls recruited as part of an ongoing PD study at Indiana University (PROGENI-CARES).
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Molecular genetic analysis. PCR and sequencing primers were designed using the chromosome 1 genomic contig sequence NT_029419 enabling PCR/sequencing of all 11 coding exons and corresponding intron/exon boundaries of GBA (table e-1 on the Neurology ® Web site at www.neurology.org). Primers were designed enabling preferential amplification of GBA over the GBA pseudogene also on chromosome 1. PCR products were purified and sequenced as previously described.
TaqMan allelic-discrimination assays (Applied Biosystems, Foster City, CA) were developed to screen all 1,325 PD cases and 359 controls for the variants identified in the 96 sequenced samples (except L444P, A456P, V460V) as previously described. 34, 35 To screen for the L444P variant, exon 11 amplification products were digested to completion with HpaII (New England Biolabs, Beverly, MA) to assay for the L444P variant (gain of HpaII site). Digestion products were electrophoresed through 4% Metaphor Agarose (Cambrex, Rockland, ME). To screen for the RecNciI recombinant allele carrying variants A456P and V460V, PCR primers were synthesized as described previously.
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The gene-specific forward primer (5=-ggaaccatgattccctatcttc-3=) and the GBA pseudogene-specific reverse primer (5=-gtttaggacgaccacaacagg-3=) were used in a multiplex PCR reaction with an invariant primer set. The PCR products were electrophoresed through 2% agarose (Invitrogen, Carlsbad, CA) for detection of the RecNciI recombinant allele PCR fragment. Presence of the RecNciI recombinant allele was confirmed using long range PCR and sequencing of the entire GBA gene. Briefly, 200 ng of genomic DNA was amplified using the Invitrogen Elongase Enzyme Mix (Invitrogen, Carlsbad, CA) and primers 5=-cccattctccatgcaaatctgtgt-3= (forward) and 5=-ccggaaccagatcctatctgtgc-3= (reverse). Long range PCR products were purified and sequenced as above.
Statistical analysis. Statistical analyses were limited to the subset of the PD sample that met the strictest diagnostic criteria of verified PD. 31 This analytic sample consisted of 737 nonHispanic, Caucasian individuals from 450 families (see table 1) and excluded those patients known to harbor a causative PD mutation (a single LRRK2 mutation or 2 PRKN mutations).
Two hypotheses were tested. The first was that presence of a GBA variant increased the risk of PD. A logistic model was employed with affection status as the dependent variable and presence or absence of a GBA variant as the independent variable (0 or 1). Age at examination and gender were included as covariates in the initial model; however, neither affected the magnitude or significance of the odds ratios (ORs) and were dropped from the final model. The second hypothesis was that those inheriting a GBA variant have earlier age at PD onset. A linear regression model was fitted with age at onset as the dependent variable and the presence or absence of a GBA variant as the independent variable. Education, gender, and smoking were considered as possible covariates; however, all were found to be nonsignificant and were dropped from the final model. Linear and logistic regression models were also used to test whether other measures relevant to PD (i.e., UPDRS subscores, MMSE, GDS, Hoehn & Yahr stage) differed based on the presence or absence of a GBA variant.
All analyses were carried out using SAS software (release 9.13; SAS Institute, Cary, NC). Our analytic sample consisted of families with multiple patients with PD. To ensure an unbiased analysis of the study hypotheses when using a sample of related individuals, we employed resampling techniques. Specifically, a single individual was sampled at random from each of the families. This was repeated 50,000 times, and common resampling techniques (bootstrapping) were employed to obtain a representative value. The median bootstrapped statistic was determined and the corresponding p values are reported for the tests of the two hypotheses.
RESULTS Nine variants were identified by sequencing the entire coding region of GBA in 96 patients with PD (table 2) . Four of the detected sequence variants were novel while the remaining five had been previously identified in patients with PD. The four novel variants were each found in additional affected family members of the PD subject in whom the variant was initially found. However, screening of all available PD cases did not identify the four novel variants in any additional families. Three of the variants (IVS6 589-2AϾG, R262H, IVS10 1389-3CϾG) were not identified in any of the control samples, making the estimated frequency of each Ͻ0.002 in the neurologically normal population. The frequency of the remaining novel variant, K303K, was not evaluated in the control samples as the designed TaqMan allelic discrimination assay failed. The remaining five variants had been previously reported in patients with PD and GD, as well as controls. 8, [10] [11] [12] [13] [14] [15] 17, [19] [20] [21] An unbiased estimate (using resampling techniques as described in Methods) of the frequency of the five previously reported GBA variants in the subset of the familial PD sample that met our strictest diagnostic criteria of verified PD was 12.6% and in the control sample was 5.3% (table 3). The mean age at onset of the patients with PD harboring a GBA variant was 56.8 years (median: 58, range: 30 -79).
The presence of a previously described GBA variant significantly increased the risk for PD; 12.6% of verified PD cases carried a GBA mutation (permuted one per family as described in Methods), as compared with 5.3% of controls (OR 2.6, 95% confidence interval [CI] 1.5-4.4) (table 3). The analysis of individual variants showed nonsignificant ORs ranging from 1.7 (95% C.I. 0.4 -6.8) for the N370S variant to 2.8 (95% C.I. 0.3-25.8) for the RecNciI recombinant allele variant.
Presence of a GBA variant was also associated with an earlier age at onset (p ϭ 0.0001) (table 4). PD cases carrying a GBA variant were more likely to have onset Յ50 years as compared to those without a GBA variant (p ϭ 0.0004). Among those with early onset disease, there was no difference in age at onset between the GBA variant carriers and the noncarriers; however, among those with onset Ͼ50 years, those with a GBA variant had earlier age at onset (61.59 years) as compared to late-onset cases without a GBA variant (65.37 years) (p ϭ 0.001).
When a linear regression model was fitted to predict age at onset, presence of a GBA variant was associated with an earlier age at onset (p ϭ 0.0001). On average, our model suggests that those patients carrying a GBA variant had onset with PD 6.04 years earlier than those without a GBA variant. The cumulative incidence of PD was higher in patients with GBA variants compared with noncarriers over nearly the entire age distribution (figure).
We also compared the clinical characteristics of the PD cases that carried a GBA variant with the PD cases that did not carry a GBA variant. There were no significant differences between GBA variant carriers and noncarriers for any of the clinical characteristics examined, including MMSE, UPDRS Parts II and III, Blessed, and Hoehn & Yahr (table 3) . DISCUSSION The goals of this study were to characterize sequence variation within GBA in a select subset of our larger sample of familial patients with PD and to test in the larger sample whether these sequence variants increased the risk for PD and were associated with an earlier onset of disease. We identified four novel variants and five previously reported variants. In our sample, a subject was 2.6 times more likely to develop PD if they carried one of the five previously identified GBA variants (table 3) . Furthermore, presence of a GBA variant was associated with an earlier onset of disease. Our results replicate the association of GBA with PD reported in other studies [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] ; however, we extend the association to include later onset patients with PD as well as familial disease.
Our screening for these nine variants in 1,325 affected individuals from 566 families represents the largest study to date of GBA variants in patients with PD and PD families. In total, GBA variants were detected in 161 patients (12.2%) from 99 different PD families (17.5%). The frequency observed in our sample is intermediate with that in a recent study that reported 16.9% of Jewish PD cases carried a GBA variant, while only 8% of non-Jewish PD cases carried a variant. 15 While the exact percentage of our sample which is of Jewish ancestry is not known, it is likely less than 10%.
As we did not sequence any of our control samples, our statistical analyses included only the five previously published GBA variants to avoid any ascertainment bias. While the analysis for these five variants combined yielded an OR of 2.6 (95% CI 1.5-4.4), individual ORs for each of the variants were not significant (table 3) . For the N370S variant in our patients, the OR of 1.7 (95% CI 0.4 -6.8) was Table 3 Odds ratios and proportions of cases and controls with a previously identified GBA variant permuted one per family less than the 5.6 (95% CI 1. 3-24. 3) in a recent report 15 ; however, the CIs do overlap. This difference is likely due to the large number of Jewish PD cases (179/278) included in their study and the high frequency of the N370S variant in that population, in general. No other study has reported ORs for individual GBA variants as we have in this study. Since the variant observed most often in our verified patients with PD, E326K (table 3), has been described as a "mild" mutation or modifier allele, 34, 35 the analyses were also performed without those patients carrying this variant. Even when those patients are removed, the frequency of GBA variants in the cases remains greater than in the controls (p ϭ 0.002) suggesting that the GBA effect is not solely due to E326K. In our study, a single patient not meeting our strictest diagnostic criteria of verified PD was shown to be homozygous for the E326K variant.
We have also demonstrated that those patients with PD carrying a GBA variant had onset with PD 6 years earlier than patients without a GBA variant. Among the patients with later onset disease (after age 50), those with a GBA variant had a significantly earlier age at onset (61.6 years) as compared to those without a GBA variant (65.4 years). However, the earlier age at onset in GBA variant carriers was not observed when limiting the analysis to those patients having earlier onset (Յ age 50). These results differ from those of a recent study that reported the presence of a GBA variant decreased age at onset by nearly 2 years among patients with early onset PD. 15 Analysis of the later onset PD cases in this same study did not detect a significantly earlier age at onset in carriers of a GBA variant. It is unclear whether this results from a difference in the ethnicity of two sample populations studied or any bias in collection of the samples. When those with the E326K variant are removed from the analyses, patients with PD with a GBA variant continue to have earlier age at onset compared to those without a variant (p ϭ 0.008).
Four novel variants were each identified in a single family. None of these variants have been reported in either patients with PD or GD, and none was identified in 359 normal control subjects. Two of the novel variants were intronic (IVS6 589-2AϾG and IVS10 1389-3CϾG), and their close proximity to the 3= end of the intron (either Ϫ2 or Ϫ3 position) suggests that either could alter the splice donor site resulting in altered splicing of the GBA mRNA. One synonymous (K303K) and one nonsynonymous (R262H) variant were each identified in a single family. As the synonymous variant does not alter the amino acid sequence of glucocerebrosidase, it is not predicted to be pathogenic for either PD or GD. However, the possibility that the nucleotide substitution results in creation of either a cryptic splice donor or acceptor site cannot be ruled out. Any disease susceptibility attributable to the R262H variant could not be determined in this study. Thus, while none of these four GBA variants have been previously identified, each either alters or could potentially alter the glucocerebrosidase sequence and may contribute to disease pathogenesis.
In all, GBA variants were identified in 99 of 566 (17.5%) families. Discordance for GBA variant carrier status among affected individuals (both verified and nonverified PD) within the 99 families was common. Of the 99 GBA variant-carrying families, 63 demonstrated discordance for inheritance of the GBA variant among affected individuals. Among the discordant families, we compared age at onset between those PD cases who carried a GBA variant and those cases who did not. Those with a pathogenic variant (N370S, L444P, RecNciI) had a earlier age at onset (p ϭ 0.01) than those without a variant (56.4 years vs 66.5 years). Interestingly, among the discordant families, carriers of a polymorphic variant (either E326K or T369M) also had lower age at onset than those without a variant (57.1 years vs 61.4 years; p ϭ 0.03).
Our study is unique in that 96 unrelated familial patients with PD were selected for sequencing of the glucocerebrosidase gene based on their lod score in the GBA chromosomal region that exceeded 0.60. Previous reports focused primarily on sporadic or idiopathic PD except for that of Sato et al., for which 51% of patients with PD reported a positive family history. 13 Nine GBA variants were identified in 21 of the 96 patients, making the yield for this lod score strategy 21.9%. The nine GBA variants were only identified in 16.5% of the remaining 470 families. Thus, while linkage methods have very limited specificity for identifying causative mutations when a majority of the families in a study contain only a single affected sibling pair, the apparent increase in sensitivity illustrates that this is a helpful strategy for prioritizing which individuals to sequence in the evaluation of potential PD susceptibility genes.
